We studied the effect of the structure parameters of engine annular cooling fan with 
Introduction

24
The performance of engine cooling fan includes aerodynamic performance and aerodynamic 25 noise [1] . And the former is the primary consideration for designers, it includes the flow rate, the 26 static pressure, the fan power and the static pressure efficiency. In the premise of a constant flow 27 rate, the static pressure efficiency is expressed as:
where η is the static pressure efficiency, q is the flow rate, psp is the static pressure, a is the 29 coefficient, and P is the power of the fan. Equation (1) shows that the static pressure efficiency takes 
33
For annular cooling fan, an outer ring is added around the blade tip as shown in Figure. 1b,
34
which is different from the common cooling fan shown in Figure. 1(a).
outer ring in the field of aerodynamic performance optimization for annular cooling fan. Motivated
48
at this problem, this paper aims to provide a systematic method to study the aerodynamic
49
performance of an annular cooling fan. Specifically, our purpose is to investigate the effect of the 50 outer ring and achieve some valuable conclusions for the outer ring design of the annular cooling 51 fans. So this paper would facilitate the performance analyses and product development of annular 52 cooling fan.
53
The main motivation of this paper is to present some proposals of outer ring design for annular 54 cooling fan for the first time. All suggestions are obtained through a series of simulations and tests
55
comparative analysis, and they are reliable and effective. The results will provide a certain 56 engineering guiding in annular cooling fan design.
57
Generally, a common cooling fan is composed of a hub and blades. In the existing studies of 58 structural optimization for cooling fan, researchers conducted a large number of studies on the hub 59 ratio, and the aerodynamic performance is greatly improved [6] [7] . However, many simulations in
60
Fluent ® have shown that the leakage locates on the tip of the blade is the main source of the 61 aerodynamic performance loss for cooling fan [8] . It can be seen from Figure. 2 that an obvious For an axial flow machine, a clearance must be considered between the blade tip and the outer 64 shell to ensure the relative motion for the two mechanical components. A pressure difference between the suction and the pressure surface is generated when the axial flow machine rotates for 66 complex blade structure. In addition, the backflow is caused by the existence of blade tip clearance vortex, and it brings axial aerodynamic performance degradation for the axial impeller machinery
69
[12-15]. So, the tip leakage is one of the main sources of axial-flow energy loss. Furthermore, the tip
70
leakage is the main source of aerodynamic noise [16] [17] . It can be seen that the tip leakage has 71 significant influence on the overall performance of the axial flow machinery.
72
The above discussions illustrate that the backflow caused by tip leakage is closely related to the 73 reduction of the static pressure efficiency. The flow field of axial flow fan is very complicated. The
74
backflow cannot be eliminated fundamentally, but can be relieved by structure optimization.
75
In Ref [18] , in order to control the backflow and tip leakage, a rapid air injection device was 76 assembled in the inlet section of a compressor. A drawback of this design of adding auxiliary device
77
on the blades periphery is that it brings a higher production cost. However, this design method of
78
adding an auxiliary device to improve the aerodynamic performance provided an optimization idea 79 to restrain tip leakage for an axial cooling fan. In addition, it gave a push to the birth of the annular 80 cooling fan.
81
The outer ring structure was evolved from winglet [19] . In the earliest studies, a winglet was 
114
Based on Ref. [1] , an aerodynamic performance test bench for the cooling fan is set up, and the
115
schematic diagram is shown in Figure. 
122
The flow rate (q) in the pipeline can be set optionally by changing different air loading plates, which 
where αε is the air flow coefficient number, and it approximately equals 0.96 in this paper [1] ; d
131
is the diameter of the duct section where U-type pressure gauge (pitot tube) locates at the inlet side;
132
psi is the static pressure at the same section, which is measured by the gauge 1 as shown in Figure. 3;
133
and ρ is the air density.
134
The total pressure (ptp) of the air at a certain section of the bench is composed of static pressure (psp)
135
and dynamic pressure (pdp). The total pressure ptp can be measured by the pitot tube, so do the psp,
136
which is generated from pressure perpendicular to the duct wall. Based on the above description, pdp
137
can be calculated which is the difference between ptp and psp. The total pressure of the cooling fan is 138 defined by the total pressure difference between the section of the outlet and inlet, which can be 139 expressed as:
tp sp dp sp dp
The static pressure of cooling fan is defined by the difference between the total pressure and the 141 dynamic pressure at the outlet section, which can be expressed as:
sp tp dp sp sp dp
Because of the complex flow-field of bench ducts, the pressure loss (Δp) is composed of frictional 143 resistance loss (Δpf) and local pressure loss (Δpl), based on the test experience [1] , the Δp can be 144 expressed as:
Based on (3)-(5), the static pressure of the fan can be expressed as:
In all above equations, the subscripts 1 and 2 represent the inlet and the outlet section.
effective fan power (Pesp). The fan power of the fan is equal to the energy transmitted from the 150 driving motor, which can be expressed as:
Here, T is the output torque of the driving motor, n is the rotating speed of the cooling fan.
152
These values are all measured by the speed-torque sensor as shown in Figure. 3.
153
The effective fan power is equal to the energy absorbed by air when it flows through the 154 rotating fan during per unit time, which can be expressed as:
Simulation Model
156
As shown in Figure. 1, the 3D cooling fan model is established, and the fan-hub is simplified 
164
In order to improve the computational accuracy and reduce the grid number, the tetrahedral 
169
Under a steady state numerical calculation, the grid independence is necessary to be verified.
170
Four grid plans are presented in Table 1 . 
175
In this part, the static pressure is used to be the evaluation index to determine which plan is 176 finally to be adopted. The calculation is implemented with the flow rate is 2.81m 3 /s. The static 177 pressure value differences of the four plans are less than 2%. In order to reduce the computational 178 burden, the Plan 2 with the fewest grids is considered in this paper.
179
Simulation Algorithm Selection
180
The multi-reference frame method (MRF) is a robust algorithm, which is computationally efficient 181 with acceptable accuracy. Therefore, the MRF method is adopted to calculate the aerodynamic 
187
Furthermore, the fan blade surface is set as the rotating wall boundary. The remaining surfaces are 188 set as stationary wall boundaries.
189
The airflow condition in the test pipeline belongs to low-speed flow (the Mach number is less than 190 0.3). Therefore, the air in the flow field is considered as in-compressible medium. The SIMPLE
191
algorithm is used in the pressure-velocity coupling equations and the RNG k-ε model is used in this 192 model. Besides, the wall function method is used to implement numerical iterative in near wall area.
193
The separation formula solution is used for the solver setup. When the flow rate difference between 194 the inlet flow and the outlet flow is less than 0.5%, the calculation result is considered to be 195 convergent.
197
Model Verification
198
In this section, a common engine cooling fan without outer ring is selected as an example for As shown in Figure. 6, the static pressure of the cooling fan decreases with increases of flow rate.
205
The fan power changes slightly with increases of flow rate. Besides, the static pressure efficiency 
212
The external physical characteristics of annular fan with outer ring are shown in Figure. 7.
213
Three dimension structure parameters about the outer ring will be described in this section: the axial 214 projection width (W), the diameter (D) and its shape. 
Axial Structure Parameter
216
First of all, all axial lengths in this paper are projected along the airflow direction. i is a custom 217 axial structure parameter being discussed in this paper that is termed as "aperture opening ratio",
218
and it can be expressed as:
In Figure. 7, Wf is the total axial length of the annular cooling fan, W is the width of the outer 220 ring, and Wb is the axial length of the fan blade.
between the front-edge-wall of the outer ring and the blade trailing edge. Therefore, i is always lager 223 than zero.
224
Radial Structure Parameter
225
As aforementioned, the winglet that is added on fan blades can change the inherent frequency
226
of the fan by changing its radial installation position. The outer ring is evolved from it to improve the 227 aerodynamic performance in this paper. Therefore, Lr is another custom radial structure parameter 228 termed as "overhang length" in this paper, which is expressed as:
Based on Figure. 7, Df is the diameter of the fan blade, and D is the external diameter of the outer
230
ring. In addition that the outer ring is connected to the fan blade, and Lr is nonnegative. 
232
The flow state can be changed or even improved by setting flared structure for the duct flow
233
field. Based on the flow direction, the flared structure is divided into forward and reverse directions.
234
As shown in Figure. 
Aerodynamic Performance Comparison for 2 Kinds of cooling fan
241
Both common and annular cooling fans are calculated by the model described in section 2, and 242 the calculation results are shown in Figure. 9.
243
Based on Figure. 9, it can be found that the aerodynamic performance of the annular fan with 244 outer ring is obviously better than that of the common one without outer ring except for the fan 245 power. The fan power loss of the annular cooling fan increases due to the added weight of the outer 246 ring. However, the fan power changes so slight that the change can be neglected The air will gather 247 around the fan for the outer ring when it flows through the pipeline (as shown in Figure. 10). Hence,
248
it can reduce the energy consumption along the air flow path. However, the velocity value of backflow is a larger for the fan without outer ring. As a result, the 255 structure of outer ring can guide the backflow forcibly and reduce the back flow degree. The static 256 efficiency of an annular fan is improved spontaneously.
257
Discussion
258
In above section, the structure parameters of the outer ring have been detailed defined. In this 259 section, the influence of the structure parameters on the aerodynamic performance of the outer ring 
Effects of the Axial Structure Parameters
263
Based on the discussions in above sections, the aperture opening ratio i is defined as the axial 264 structure parameters of the outer ring to be studied. In this section. Six annular fans with arbitrary 265 aperture opening ratios are calculated, and results are shown in Figure. 12. 
268
the increases of i, the static pressure efficiency also increases. When the opening rate is 46.8%, the efficiency decrease of cooling fan. In Figure. 13, the back-flow area of three annular cooling fans with 273 different aperture opening ratio outer rings are compared. The backflow area value is the smallest 274 when i=46.8%, and it has the optimal aerodynamic performance, which is in accords with the change 275 tendency as shown in Figure. 12.
276
(a) (b) (c) As shown in Figure. 16, the static pressure contour profiles on blades of the 2 fans are similar,
296
but negative pressure region is observed on the blade tip marked in Figure. 16(b). The region 297 mentioned above is produced for the complex blade shape and high rotating speed. However, the 298 pressure value of this region is lower than the inside of the outer ring. Therefore, the answer is that a 299 quantifiable pressure difference is produced here that leads to another back flow around the outer 300 ring as shown in Figure. 15(b) and (c). In conclusion, lower static pressure efficiency is caused by 301 these reasons.
302
It should be pointed that: during the research process, the cooling fan diameter remains 
Effects of the Outer Ring Shapes
311
As shown in Figure. 8, shapes of outer ring can be categorized into non-chamfer shape (shape 3)
312
and chamfer shapes (shape 1 and 2). The chamfer shapes are categorized into front-edge-wall All three fans are tested on the test pipeline bench and the test data are obtained to be 338 compared. From Figure. 20, it can be found that both the static pressure and the fan power are 339 significantly increased after adding the outer ring. At the flow rate of 3.8m 3 /s, the static pressure
340
increases with a degrees of 15.4% and 9.6% for the final annular fan and the interim fan, respectively.
341
However, the static pressure efficiency for the interim cooling fan is lower than the common fan at 342 all flow rates, and the largest decline of it reaches 6.1% at the flow rate of 2.9 m 3 /s. The main reason of 343 it is that the outer ring has a wider axial projection width and a larger back-flow area would be 344 produced based on the pattern shown in Figure. 13.
345
In conclusion, based on the evaluation index of static pressure, the aerodynamic performance of 346 annular cooling fan with outer ring is better than common fan without outer ring. However, the 347 aerodynamic performance of the cooling fan cannot be always improved by adding an outer ring. 
Conclusions
349
In this paper, the aerodynamic performance indexes of engine axial flow cooling fan are described.
350
The test and simulation methods of the cooling fan are introduced. Besides, the accuracy of the 351 simulation model is verified.
Based on the "small winglet" structure, annular cooling fan with outer ring is designed. Three
353
important structural parameters of the outer ring are defined and discussed.
354
The aperture opening ratio and shape of the outer ring have great influence on the aerodynamic 355 performance of the annular cooling fan, while the length of blade extension has minor influence on 356 the performance. Therefore, when designing the outer ring, the aperture opening ration and shape of 357 the outer ring are the primary parameters to be considered.
358
If the flow rate remains constant, the aerodynamic performance increase first and then decrease
359
with the increase of aperture opening ratio. Therefore, it is necessary ti select the appropriate 360 parameter value of the structure to optimize the aerodynamic performance.
361
The downstream side of the outer ring can smoothly guide the air flow. Because the diameter of 362 the outer ring increases gradually along the flow direction, it can accelerate air velocity, reduce the 363 possibility of backflow and improve the flow condition.
